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We  have  demonstrated  the  applicability  of  the  specific  contact  resistance  measurement  scheme  of  Reeves  to  semicon¬ 
ducting  diamond.  Four  sample  types  were  usud:  highly  doped  epitaxiai  films  on  <  100  >  and  <  1 10  >  type  Iln  substrates;  a 
type  lib  diamond  0.25  mm  thick,  and  a  type  lib  diamond  0.05  mm  thick.  Measured  specific  contact  resistances  ranged  from 
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ABSTRACT 

We  have  demonstrated  the  appl  icab  i  ;  j  t  y  ».*  t  the  specific  con¬ 
tact  resistance  measurement  scheme  of  peeve-.,  ’i]  to  sea i conduct  * 
mg  cJianond.  Four  sample  types  were  used:  highly  doped 
epitaxial  films  on  •  1 00'-  and  *110'  type  Ma  subst  rates ;  a  type 
I  lb  diamond  0.26  mm  thick,  and  a  type  III'  Jjanomi  0.06  nm  thick. 
Measured  specific  contact  resistances  ran-iei  from  ^xir1'  to 
1x10-2  ohm-cm^ . 

INTRODUCTION 

The  unique  material  and  electronic  pr  -pert  i»>:»  c>f  diamond 
make  it  a  potentially  very  important  ear.  I;  date  for  use  in  hi*jh 
power  or  high  frequency  appl icat ions,  as  well  as  in  high  tempera 
ture  and  corrosive  environments.  Fever*!  authors  have  recently 
reviewed  the  motivation  and  prospects  t  or  sen  s  conduct  i  nq  diamond 
based  electronic  devices  [?-4j.  who**  several  critical  area1,  tor 
research  were  identified,  we  note  that  progress  has  been  made  in 
key  areas.  The  growth  of  large  hono-cpit-usil  films  doped  with 
boron,  a  major  step  toward  the  growth  of  -ingle  crystal  diamond 
films  on  substrates  other  than  diamond,  has  been  reported  { 
Regrowth  of  radiation  damage  layers  c. treated  ty  ion  implantation 
in  diamond  has  also  been  reported  [R;.  Sie-cess  m  forming  elec¬ 
trical  contacts  (both  rectifying  and  ohmi»*»  to  diamond  has  also 
been  reported  in  the  literature  {0-u'j-  In  this  paper 
measurements  of  the  specific  conatact  re‘-i*.tance  of  ohmic  con¬ 
tacts  to  diamond  are  presented. 

Ohmic  contacts  are  characterized  by  measuring  the  series 
resistance  arising  at  the  cont  act -sem  i*  ndu-t;>r  junction,  R.  • . 
Normalizing  the  contact  resistance  to  the  «  ntact  area  gives  rise 
to  the  specific  contact  resistance,  r\  .  For  the  ideal  case  ot 
uniform  current  flow  perpendicular  to  t  tie  .intact  we  have 
rc~Rc/A,  where  A  is  the  contact  are.*.  in  reality,  however,  the 
current  flow  is  rarely  perpendicular,  and  the  finite  resistance 
of  the  semiconductor  leads  to  current  crowding  ;li-lSJ.  Measure¬ 
ment  techniques  have  been  developed  to  allow  the  current  crowding 
and  bulk  resistance  of  the  semiconductor  to  be  deconvolved  from 
R-c ,  thereby  uniquely  determining  the  specific  contact  resistance 
(15-16).  Conceptually,  the  simplest  technique  is  that  of  Cox  and 
Strack  (16],  in  winch  contacts  are  made  t«>  both  the  front  and 
back  sides  of  the  sample.  The  primal y  advantages  of  this  tech¬ 
nique  are  the  ease  in  processing  the  contact*,  and  the  simplified 
analysis  due  to  the  geometry.  However ,  due  to  the 
semi  -  i  nsu  1  at.  i  ng  nature  of  bulk  diamond,  there  is  a  large  series 
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resistance  contribution  to  the  total  resistance  fro-,  the  sub¬ 
strate  itself.  Thus,  in  order  to  determine  the  specific  contact 
resistance  one  is  forced  to  take  the  difference  of  two  (nearly 
Ovjuai)  large  numbers.  A  second  technique  utilizes  an  array  of 
contact  pads  of  equal  size,  but  varying  separation  contacting  a 
thin  conducting  layer.  The  contact  resistance  in  these  struc¬ 
tures  is  analyzed  using  the  transmission  line  model  (IS).  The 
primary  drawback  to  transmission  line  model  measurements  is  the 
need  to  perform  a  mesa  etch  in  order  to  reduce  the  analysis  of 
current  flow  between  contacts  to  a  two  dimensional  problem. 

Two  techniques  for  eliminating  the  mesa  etch  requirement 
from  the  transmission  line  model  measurement  have  been  demon¬ 
strated  (1,17).  One  approach  (17)  is  to  simply  extend  the  con¬ 
tact  pads  across  the  width  of  the  sample,  forming  an  array  of 
contact  lines.  The  second  approach  is  to  use  a  circular  test 
pattern  consisting  of  a  central  dot  and  concentric  ring  con¬ 
tacts.  The  measurements  are  interpreted  using  a  circular  trans¬ 
mission  line  model.  For  two  reasons  we  judge  the  second  approach 
to  be  superior  to  the  first  in  analyzing  diamond  samples.  First, 
the  use  of  contact  lines  requires  rectangular  (or  square)  samples 
and  is  not  adaptable  to  samples  of  irregular  shape.  Second, 
natural  diamonds  are  frequently  non-uni formly  doped  and  the  use 
cf  circular  contacts  permits  probing  over  a  smaller  area.  Thus, 
we  chose  the  circular  transmission  line  model  for  determining  rc. 
For  the  details  of  the  analysis,  the  reader  is  referred  to  refer¬ 
ence  [  1  }  . 

Several  constraints  must  be  placed  on  ohmic  contacts  to  dia¬ 
mond.  First,  they  should  have  a  low  contact  resistance.  Second, 
they  should  be  able  to  withstand  the  operating  conditions  for 
which  diamond  devices  are  intended;  e.g.  high  temperatures. 

Third,  they  should  be  strongly  adherent  to  the  diamond  surface. 
Fourth,  they  should  be  compatible  with  conventional  device  pro¬ 
cessing  techniques.  Ohmic  contacts  produced  via  a  solid  state 
annealing  process  have  been  studied  extensively  and  are  believed 
to  satisfy  all  four  conditions  (9).  In  this  process  a  thin  film 
of  a  transition  metal  carbide  forming  metal  is  deposited  on  the 
diamond  surface.  Annealing  at  high  temperature  (9r>0'C)  leads  to 
the  formation  of  a  carbide  layer  at  the  interface.  This  layer 
provides  an  intimate  contact  to  the  diamond  and  promotes  good 
adhesion.  Fig.  1  shows  the  resistance  measured  between  two 
Molybdenum-diamond  contacts  as  a  function  of  annealing  time  at 
9 50 * C  in  hydrogen.  From  the  figure  it  is  clear  that  annealing 
the  contact  produced  a  decrease  in  total  resistance  of  several 
orders  of  magnitude.  Auger  electron  spectroscopy  studies  indi¬ 
cated  that  the  decrease  was  associated  with  the  formation  of  a 
carbide  phase.  Similar  results  have  been  observed  for  Ti  and  Ta 
contacts.  Measurements  of  the  specific  contact  resistance  are 
required  in  order  to  determine  the  met a  1 1 i zat ions  that  provide 
the  lowest  electrical  impedance  for  device  applications. 

EXPERIMENTAL  PROCEDURE 

Four  different  diamond  samples  were  used  in  this  study.  The 
first  sample  consisted  cf  a  diamond  film  with  a  high  boron  con- 
cent rat  ion  and  about  4  nm  in  thickness  grown  epitaxially  on  a 
•'  1 0  0  >  type  I  la  insulating  diamond  substrate  with  the  dimensions 
of  5  x  5  x  0.25  mm.  The  second  sample  consisted  of  a  6  thick 
diamond  film  with  a  high  boron  concentrat ion  qrown  epitaxially  on 
a  < 1 1 0  >  substrate.  These  films  were  grown  at  MIT  Lincoln  Labs 
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using  the  prococJure  outlined  in  (6]  on  natural  diamond  substrates 
provided  by  Druker  International,  B.V.  The  third  sample  was  an 
irregularly  shaped  type  lib  diamond  0.2  5  mm  thick.  The  fourth 
sample  was  identical  to  the  third,  except  that  it  had  been 
thinned  to  60  am  in  thickness. 
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Figure  1  Resistance  between  two  Mo/diamond  contacts  as  a  function 
of  annealing  time  at  9 SO  *  C  in  an  ambient. 


The  samples  were  cleaned  using  decnntam,  deionized  water, 
and  ethanol,  sequentially.  The  samples  were  then  coated  with 
photoresist  and  patterned  using  standard  photol l t hograph ic  tech¬ 
niques.  Samples  were  baked  at  WO’C  for  20  minutes  following 
photoresist  patterning  and  loaded  into  an  ion  pumped  ultra-high 
vacuum  system  (base  pressure  5  x  10"°  Torr)  .  Fleet. r on  beam  evap¬ 
oration  was  used  for  deposition  of  the  carbide  forming  metal  (ei¬ 
ther  Ti  or  Mo) .  The  thickness  of  the  carbide  forming  metal  was 
about  100  A.  Subsequently,  1600  A  of  Au  was  deposited  from  a 
resistively  heated  boat  onto  the  surface  of  the  Ti  or  Mo  without 
breaking  vacuum  to  prevent  oxidation  prior  to  anneal ing.  The 
pressure  during  evaporation  was  2  x  10“ 7  Torr.  Film  thicknesses 
were  determined  using  a  crystal  monitor  during  deposition.  Alter 
deposition  a  lift-off  process  was  used  to  remove  undesired  metal, 
leaving  contact  structures  with  the  geometry  shown  in  Fig.  2. 

The  dimensions  (in  the  notation  of  Reeves)  were  rjf~1.6Sro, 
r^-2.74ro,  r  2  ’ -4  .  3  4  tq  ,  and  r2"*i-*^>ro  with  rp  “11.7  urn. 

Following  patterning,  the  contact  structures  were  probed 
using  a  Keithley  model  220  current  source  and  model  196  OHM. 

After  probing,  the  samples  were  baked  at  12Q*C  for  approx imately 
20  minutes  and  then  annealed  in  a  purified  hydrogen  ambient  at 
950 'C.  Anneal  times  were  2  minutes  for  T 1  and  6  minutes  for  Mo. 
After  annealing,  the  samples  were  remeasured. 
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r0  =  n.7  Mfn  if}  \  1 
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Figure  2  Circular  contact  pattern  used  for  this  work,  The  dimen¬ 
sions  ar  e  rj*“1.6SrQ,  ■2.74ry,  r  2  ’  4.  14ig,  and 

r2^5.45ro  with  r0  =11 •  ?  pm. 


Thu  measurements  consisted  of  placing  tungsten  probes  on  the 
inner  dot,  the  central  ring  and  the  outer  ring.  The  total 
resistance  between  the  central  ring  and  the  inner  dot,  and  the 
central  ring  and  the  outer  ring  were  measured.  The  end 
resistance  was  determined  by  passing  a  current  through  the  cen¬ 
tral  ring  and  the  inner  dot  and  measuring  the  voltage  between  the 
central  ring  and  the  outer  contact.  This  result  was  checked  by 
switching  contact  pairs  and  remeasuring.  Using  these  three 
results,  the  specific  contact  resistance  can  be  calculated  in  the 
manner  of  ( 1 ) . 

RESULTS  AND  DISCUSSION 

Ohmic  contacts  between  a  metal  and  a  semiconductor  may  be 
formed  either  by  lowering  the  effective  barrier  height,  or  by 
heavily  doping  the  semiconductor  at  the  interface.  Heavily  dop¬ 
ing  the  semiconductor  induces  a  decrease  in  barrier  thickness, 
allowing  tunneling  of  the  charge  carriers.  Lowering  the  barrier 
height,  is  difficult  since  diamond  has  a  barrier  height  essen¬ 
tially  independent  of  the  metal  work  function  (10).  Increasing 
the  doping  in  natural  semiconducting  diamond  is  a  non-trivial 
task,  but  may  be  accomplished  rather  easily  during  epitaxial 
growth  of  diamond.  Table  I  shows  the  values  of  specific  contact 
resistance  determined  in  this  experiment.  It  is  interesting  to 
note  that  contacts  to  the  epitaxial  layers  (epi-*100>  and  epi- 
'  1 1 0 > )  showed  excellent  behavior  as  deposited.  Contacts  formed 
by  pi  .icing  tungsten  probe  tips  on  the  diamond  surface  showed  only 
a  slight  deviation  from  linearity.  Contacts  formed  by  the  Ti 
films  were  highly  linear.  This  may  be  due  to  the  highly  doped 
nature  of  these  layers.  The  measured  value  of  specific  contact 
resistances  after  annealing  are  more  than  satisfactory  for  device 
fabrication.  Lightly  doped  diamond  (represented  by  the  "thin" 


and  "thick"  samples)  are  much  more  difficult  to  contact.  Non- 
ohmic  behavior  was  observed  for  the  as  deposited  contacts  m 
these  samples. 

Several  factors  influence  the  accuracy  of  these  measure¬ 
ments.  Of  primary  importance  is  the  thickness  of  the  conduct inq 
layer.  Correct  interpretation  of  the  transmission  line 
measurements  requires  that  current  flow  between  contact  pads  be 
two  dimensional,  i.e.,  no  vertical  flow  of  current  in  the  dia¬ 
mond.  For  the  epitaxial  layers  this  condition  may  be  assumed  to 
be  approximately  true.  For  the  ‘>0  urn  and  250  nm  (bulk)  layers, 
however,  there  is  almost  certainly  a  large  component  of  vertical 
current  flow  in  the  sample.  This  adds  a  large  spreading 
resistance  term  to  the  overall  contact  resistance,  which  in  turn 
greatly  adds  to  the  complexity  of  the  transmission  line  analysis. 
The  possibility  of  using  an  approximate  geometric  correction  fac¬ 
tor  for  the  thickness  of  the  diamond  is  being  explored. 


Table  1 

Specific  Contact  Resistance  Results  for  Various  Samples 


Sample 

Conducting 
Layer 
th  ickness 
(MB) 

rc  (n-cm2) 
As-deposited 

rc 

Post  Anneal 

epi-<100x 

4 

— 

T  1 

.x)0  1‘* 

1.2x10'* 

1.8x10'  ‘  ’ 

epi-<110x 

6 

Ti 

;  x  1 0 1 

7 . 6x10“^ 

2xl0~s 

thin 

50 

Mo 

(a)  10M 

over- ranged 

1  .  2x1  O'1 

thick 

250 

MO 

(.1)  1014 

over- ranged 

1.4X10“^ 

(a)  Representative  value  from  other  type  Tib  diamond  samples. 


It  is  also  of  interest  to  note  the  specific  contact 
resistance  of  the  Sic  and  Ta  carbide  contacts  on  type  lib  natu¬ 
ral  diamond  substrates  studied  by  Fang,  ct  al  (11).  They 
obtained  an  average  value  of  about  l  x  10' 3  ohra-cru2  for  both 
cases.  The  conventional  linear  transmission  line  was  used  in 
their  study  leading  to  the  necessity  of  forming  a  mesa.  This  was 
accompl ished  using  a  CF4  plasma  etch.  A  thin  conducting  layer 
was  formed  by  inducing  ion  damage  in  the  diamond.  Thus  the  dif¬ 
ference  in  rc  between  the  two  studies  may  be  due  a  difference  in 
doping  level,  a  difference  in  contacting  lightly  damaged  diamond 
versus  undamaged  diamond,  or  an  effect  of  the  plasma  etch. 

CONCLUSIONS 

Specific  contact  resistance  for  t  h‘-  Ti  and  Mo  refractory 
metal  carbide  contacts  to  diamond  have  been  measured.  The  values 
determined  from  the  contacts  to  the  bulk  type  lib  diamond  samples 
are  in  reasonable  agreement  with  those  published  -cviously  (11) 
for  SiC  01  Ta  carbide  contacts,  indicating  the  usefulness  of  the 
circular  transmission  line  model  in  avoiding  a  m#*sa  etch  and 
allowing  specific  contact  resistances  to  be  easily  determined. 


ACKNOWLEDGEMENTS 


The  diamomt  samples  used  m  this  study  wore  provided  by  Dr. 
Michael  Seal  of  Sig ilium,  B.V.  and  Drukkor  International,  B.V. 
Preparation  of  the  epitaxial  films  by  Dr.  Michael  Ceis  at  MIT 
Lincoln  Labs  is  greatly  appreciated.  The  authors  gratefully 
acknowledge  the  support  of  the  SDIO/IST  through  Mr.  Max  Yoder  of 
the  OH  lice  of  Naval  Research. 

REFERENCES 

1  G.K.  Reeves,  Sol  id-state  Electronics  2 ) >  487-490  13980). 

2  R.F.  Davis,  Z.  Sitar,  B.E.  Williams,  H.S.  Kong,  H.J.  Kim, 

J  W.  Palmour,  J.A.  Edmond,  J.  Ryu,  J.T.  Glass,  and  C.H. 
Carter,  Jr.,  Materials  Science  and  Engineering  B).,  77-104 
( 1988) . 

3  K.  Shenai,  R.S.  Scott,  and  R . J .  Baliqa,  IEEE  Trans,  on  Elec¬ 
tron  Dev.,  36 < 9),  181 1-18? 3  (1989). 

N.  Fujimori,  H.  Nakahara,  and  T.  I  raa  i ,  Japan.  J.  o  {  Appl . 
Phys .  ,  ?9(‘>).  824-827  (  1990). 

If.  Shi  cm  2,  Y .  Ni shibayash i ,  and  N.  Fujimori,  Japan.  J.  of 
Appl.  Phys.,  28(12)  ,  21S3-2154  (  1980)  . 

6  M . W .  Geiss,  ir.  Diamond,  Boron  Nitride,  Silicon  Carbide  and 
related  materials,  edited  by  J.T.  Glass,  R.  Messier,  and  N. 
Fuj  mori,  Mater.  Res.  Soc ,  Proc.,  Pittsburgh,  PA  1989. 

7  B.V.  Derjaguin,  B.V.  Spitsyn,  A.E.  Coridetsky,  A.P.  Zakha¬ 
rov,  I,.L.  Bouilov,  and  A.E.  Sleksenko,  J.  Cryst  .  Growth,  3.1, 
44  (I'V-S). 

8  B.  Liu,  G.S-  Gandhu,  N.R.  Parikh,  M.L,  .Swanson,  and  W.K. 

Chu ,  Nucl.  Instrum,  and  Meth.,  B49 ,  422-423  (1990). 

9  K .  L.  Moazed,  J.R.  Ze  idler,  and  M..J.  Taylor,  J.Appl.  Phys .  , 

f  6  j  ,  2  2  4 6-  2 2  64  <  !  99 0 )  . 

in  j  .  v  .  Pr  ins,  J.  Phys.  0:  Appl.  Fhys.  ,  22,  166  2-l‘»64  (1989). 

11  F.r'ang,  C.A.  Hewett,  M.G.  Fernandes,  and  S .  S .  I,au,  IEEE 

Tr  .i r«- .  on  Devices,  J6(9),  1783-1  786  (2989). 

1?  0.  Sh .  Gildenblut,  S  -  A .  Grot.  C.W.  Hatfield,  A.R.  Bad?,  \  an, 
and  7.  Badzian,  I  FEE  Electron  Dev.  1-ett.,  11(9),  37  1-  372 

( 1990)  . 

13  S.S .  Cohen  and  G.  Sh.  Gildenblat,  in  VLSI  Electronics  Micro- 
structure  Science,  Vol .  J.3 ,  ed .  N.G.  Einspruch,  Academic 
Press ,  Inc.,  New  York,  pp.  87-131,  (1986). 

M  C.-Y.  Ting  and  C.Y.  Chen,  Solid-State  Electronics,  1.4, 
433-438  (1971). 

15  K.H.  Berger,  Solid-State  Electronics,  15,  146-188  (1972). 

16  R.H.  Cox  and  H.  Strack,  Solid-State  Electronics,  10, 

121 3-1218  ( 1967) . 

17  H.  Shioni,  H.  Nakahata,  T.  Imai,  Y.  Nishibayashi ,  and  N. 
Fujimori,  Jap.  J.  Appl.  Phys..  28(6),  768-762  (1989). 

IB  C.A.  Mead,  Solid-State  Electronics,  0.  1023-1033  (1966). 


